1. It has been suggested that a group of interneurones located in the midlumbar segments of the spinal cord might play a role in switching from the stance to swing phases of the step cycle during locomotion. We have further examined the input to these neurones from proprioceptive afferents to test whether the connections to these cells are consistent with this role. 2. Electrical stimulation of group I and group II afferents in branches of the femoral nerve which supply iliopsoas, the major hip flexor muscle, excited a large majority of intermediate zone midlumbar interneurones which receive input from quadriceps group II afferents. The central latencies and properties of the EPSPs indicate that both group I and group II afferents from iliopsoas make monosynaptic connections with many midlumbar interneurones. 3. Group II afferents from both the ankle flexor tibialis anterior and the digit dorsiflexor extensor digitorum longus excited midlumbar interneurones. Similarly, they were also excited by group II afferents from both of the two main anatomical divisions of the sartorius muscle. 4. The frequent and potent excitation of midlumbar neurones from group I and II afferents in iliopsoas suggests that they may be excited at the end of the stance phase of the step when these muscles are stretched. This possibility is discussed in relation to recent work on the functional control of the step cycle.
One of the relatively few groups of spinal premotoneuronal interneurones that have been identified is located in the intermediate zone of the midlumbar segments of the cat spinal cord (Edgley & Jankowska, 1987 b; Cavallari, Edgley & Jankowska, 1987) . These neurones and many other interneurones in these segments are distinctive in that they have strong inputs from group II afferents from certain hindlimb muscle nerves, as well as a multisensory convergence of inputs from other primary afferents. On the basis of their connectivity it has been suggested that these neurones might be activated during particular movements (Edgley & Jankowska, 1987 b) . The most frequent and powerful excitation of these interneurones was evoked from group II afferents from quadriceps (Q), sartorius (Sart) and the deep peroneal nerve (tibialis anterior and extensor digitorum longus, TA and EDL, respectively) and there is good evidence that spindle secondary afferents contribute to this excitation (see Harrison, Jami & Jankowska, 1988) . These connections led to the speculation that midlumbar neurones might be activated on full limb extension, and thus might be involved in determining the transition between the stance and swing phase of the step cycle (Edgley & Jankowska, 1987 b) . This switch is under strong afferent control: it is triggered by extension of the hip joint, important afferents being stretch receptors in muscles around the hip (Grillner & Rossignol, 1978; Kriellaars, Brownstone, Noga & Jordan, 1994) . The inputs to midlumbar neurones might be appropriate for such a role: afferents that are activated by extension of the hip include secondary muscle spindle afferents in quadriceps and sartorius, both of which powerfully excite midlumbar neurones. Recordings from muscle spindle afferents during locomotion would suggest that secondary afferents from sartorius and rectus femoris would show activity in stance, reaching a high point late in this phase (see Loeb, Hoffer & Pratt, 1985) . The transition from stance to swing can also be prevented by activity in load-sensitive afferents from extensor muscles, most probably tendon organ (Ib) afferents (Whelan, Hiebert & Pearson, 1995 (Edgley & Jankowska, 1987b (Hoffer, Loeb, Sugano, Marks, O'Donovan & Pratt, 1987) . The anterior (lateral) part of the muscle acts so as to flex the hip but extend the knee, whereas the medial part flexes both hip and knee. Afferents from sartorius are known to excite midlumbar neurones, but the precise origin of the afferents is not known. A third aim of this study was to determine whether the inputs from proprioceptors in the two different task groups of sartorius differed.
METHODS
The results described here were derived from experiments in five female adult cats weighing between 2-0 and 4 4 kg and five male adult cats weighing between 3'1 and 5.5 kg. These were prepared for recording using procedures described in full in previous publications from this laboratory (Bajwa, Edgley & Harrison, 1992 horn (see Edgley & Jankowska, 1987a) . Intracellular recordings were obtained from ninety-nine such neurones.
Recordings from a further eighty-eight neurones were made either extracellularly or intra-axonally, all of which were discharged by stimulation of Q group II afferents. In intraaxonal recordings neither EPSPs nor IPSPs could be discerned although evoked action potentials could.
All of the neurones were tested for antidromic activation from a single site in the hindlimb motor nuclei (GS or HAM) in the caudal L7 or rostral SI segments. Antidromic activation was verified by the ability to follow trains of stimuli at high frequencies (333 Hz) and fixed-latency allor-none responses. Twenty-three of the intracellularly recorded neurones and twenty-one of the extracellularly or intra-axonally recorded neurones were antidromically driven. Current intensities of up to 100 1uA were used for search stimuli but the antidromic thresholds from the best points were generally much lower. Antidromic latencies ranged from 06 to 1P9 ms (mean + S.D. = 116 + 005; median = 1P15).
As described previously, in intracellular records excitation and inhibition from group I afferents were seen in addition to excitation by group II afferents from Q; fifteen were excited and nine were inhibited by group I afferents from Q. Actions from group I afferents were differentiated from actions of group II afferents on the basis of latency and threshold. From Q, EPSPs attributed to group I afferents dPsoas 5T
were evoked by stimuli of less than 2T and had onset latencies of 0 6-11 ims. following stimulation of dPsoas group II afferents (5T); the EPSP was small at 3T The interneurone on the right panel was also discharged by stimuli at 5T but also at 2T and at short latency. These EPSPs were attributed to group I afferents. Voltage calibrations apply to the intracellular responses.
EPSPs evoked from Q. In a previous study, EPSPs evoked by group II afferents from Q with such short central latencies (with respect to group I volleys at L6) were shown to be evoked monosynaptically (Edgley & Jankowska, 1987a, b) . Small IPSPs were evoked on stimulation of dPsoas group I afferents in a few interneurones (4/83, 5 %).
Inputs from afferents in dPsoas were powerful: fifty-nine of seventy-six extracellularly or intra-axonally recorded units (78 %) were discharged by group II afferents (stimulus strengths greater than 1 6 T and latencies greater than 1P9 ms). Some (4/74; 5%) were reliably discharged by group I afferents (< 1 6T). In most cases only single stimuli were used so this latter figure represents cases where group I afferents had particularly potent effects (e.g. Fig. 2 ).
As described in Methods, due to technical difficulties inputs from pPsoas were tested in fewer midlumbar neurones. The results were qualitatively similar to those for dPsoas: in intracellular recordings 4/11 interneurones were excited by group II afferents, 6/11 were excited by group I afferents. Sartorius inputs Afferents from both anatomical branches of the sartorius nerve contributed inputs to midlumbar interneurones (Fig. 1) 800 N. C. Aggelopoulos, P evoked EPSPs in a small minority of neurones (6/43; 14% from mSart and 3/46; 7% from ISart). Onset latencies of group II EPSPs from the branches of sartorius were similar to those for Q and dPsoas (minimally 1P6 ms, see Fig. 4 ). Together with the other properties of the EPSPs, this indicates that many were evoked monosynaptically. Convergence of inputs from muscles around the hip A characteristic feature of many midlumbar interneurones was powerful coactivation by group II afferents from Q, mSart and lSart and dPsoas. This is illustrated in the extracellular and intra-axonal recordings, which were selected on the basis that they discharged on stimulation of Q group II afferents. Of these units, 36/64 (56%) were Q 16' J I B?dwa and S. A. Edgley J Physiol. 497.3 discharged by single stimuli to all four nerves at 5T This suggests that, where they converge, input from any of these three nerves alone is almost always sufficiently strong to discharge the interneurones (see Fig. 1 ). Inputs from TA and EDL Afferents from both TA and EDL excited some midlumbar interneurones (Fig. 3) . In intracellular recordings, stimulation of group II afferents from TA evoked EPSPs in a higher proportion of interneurones than EDL: 25/56 (45%) vs. 14/56 (25%), respectively. Group I afferents from both TA and EDL excited a small number of midlumbar interneurones: (4/56, 7% and 2/56, 4% for TA and EDL, respectively. Onset latencies of group II EPSPs from TA were minimally 1P9 ms and for EDL 1 6 ms (Fig. 4) , and many of them had properties indicative of a monosynaptic connection (fixed latency, shape and size). Group II inputs from TA and EDL could also be quite powerful so that, in extracellular recordings, 17/37 cells (46%) were discharged by TA and 6/37 (16%) were discharged by EDL. None of the neurones were discharged on stimulation of these nerves at 2T, so these represent activation by group II afferents
DISCUSSION
Our results provide clear-cut answers to the three questions asked in the Introduction. Firstly, both group I and group II afferents from nerve branches which innervate iliopsoas provide monosynaptic excitation to many midlumbar interneurones. Secondly, group II afferents arising from both anatomical parts of sartorius make connections with these interneurones. Thirdly, group II afferents from both TA and EDL excite midlumbar interneurones, the inputs from TA being more common than those from EDL.
Iliopsoas inputs
The actions of afferents from the iliopsoas muscle have rarely been studied because of the difficulty in freeing the small nerve branches innervating the muscle sufficiently to allow electrical stimulation. Inevitably, only a small fraction of the total number of afferents from in the muscle could have been activated in our experiments. Nevertheless large EPSPs were seen in a majority of midlumbar interneurones and in intra-axonal or extracellular recordings discharges were evoked in a substantial proportion. Taking into account the incomplete activation of the afferents from the muscle, this suggests that proprioceptive afferents from iliopsoas provide a very powerful input to midlumbar interneurones. Both group I and group II afferents excited the interneurones, in some cases both evoked EPSPs in the same cell. As a major hip flexor, iliopsoas is stretched when the hip extends. We know of no studies of spindle activity in this muscle during locomotion. However, most studies of spindle activity during locomotion suggest that secondary afferents roughly follow muscle length (see Loeb et al. 1985; Prochazka, Trend, Hulliger & Vincent, 1989) . Since it is likely that the group II afferents that excite midlumbar interneurones include secondary muscle spindle afferents, this observation would be consistent with them being activated on hip extension. Stretch of iliopsoas during the stance phase of the step cycle has recently been shown to be able to produce an early onset of flexor muscle activity, consistent with a role in switching from the stance to swing phases of the step cycle (Hiebert, Whelan, Prochazka & Pearson, 1996; see below (Perreault, Angel, Guertin & McCrea, 1995) . Activation of these afferents during flexion brought about an early termination of the flexor muscle activity and an initiation of extensor activity. Similar stimuli delivered to TA during extension did not terminate or shorten extensor activity, whereas stimuli to Sart actually extended the activity burst in some extensor nerves (Perreault et al. 1995) . However, different results have also been reported. Stimulation of group II afferents during fictive locomotion in high spinal cats treated with nialamide and L-DOPA (L-/J-3,4-dihydroxyphenylalanine) was found to be able to terminate the extension phase and induce flexor muscle activity (Schomburg, Peterson, Barajon & Hultborn, 1993) which would be more consistent with the hypothesis that midlumbar interneurones may be involved in the switch from stance to swing. More recently, Hiebert et al. (1996;  see also Pearson, 1995) examined the effects of stretching iliopsoas and TA/EDL during the stance phase of hindlimb locomotion in decerebrate cats and found that these stretches produced an earlier onset of flexor muscle activity. Using vibration, they were able to demonstrate that I a afferents from iliopsoas and EDL were likely to have contributed to the actions, whereas only group II afferents from TA had this effect. The findings in our study of convergence on midlumbar interneurones fits well with these observations since group I afferents from iliopsoas commonly excite midlumbar interneurones (although not as commonly as group II afferents from iliopsoas) but only group II afferents from TA produced the excitation. On the basis of their convergence pattern, midlumbar interneurones remain strong candidates for mediating the stance to swing transition during locomotion.
